The dusky-footed woodrat (Neotoma fuscipes) is the putative reservoir for Anaplasma phagocytophilum in the western United States based on high prevalence of A. phagocytophilum genetic material detected by polymerase chain reaction (PCR), high antibody prevalence, and infestation with the vector tick Ixodes pacificus. Following inoculation of nine wild-caught woodrats with woodrat-, canine-, or equine-origin A. phagocytophilum, all became PCR-positive and seroconverted. However, when PCR-positive woodrat blood was delivered as inoculum to three horses, the horses never became clinically ill, PCR-positive, or antibody-positive. Each horse was subsequently infected with either the equine-or chipmunk-origin A. phagocytophilum, resulting in clinical anaplasmosis. Our data show that woodrats are permissive to several strains of A. phagocytophilum, but strains originating from woodrats did not cause clinical disease in horses.
INTRODUCTION
Anaplasma phagocytophilum (formerly Ehrlichia equi, Ehrlichia phagocytophila, and the human granulocytic ehrlichiosis agent) is an emerging tick-borne pathogen of humans, horses, sheep, dogs, and other species. In humans, granulocytic anaplasmosis (GA) may be associated with pyrexia, headache, myalgia, nausea, ataxia, organ failure, susceptibility to opportunistic infections, neuritis, or respiratory complications with a case fatality rate as high as 5% in some areas (Foley, 2000) . Additionally, many GA infections may be asymptomatic, and thus the prevalence of GA in humans may be underreported (Dumler et al., 2005) . Affected horses often manifest severe GA with fever, lethargy, inappetance, and limb edema (Madigan, 1993) . The horse and mouse are important experimental animal models used in the evaluation of GA pathogenesis and treatment because of similar immunopathologic mechanisms that occur during infection in these species (Lepidi et al., 2000) .
The putative reservoir for A. phagocytophilum in the western United States is the dusky-footed woodrat (Neotoma fuscipes), hereafter referred to as woodrats (Nicholson et al., 1999; Foley et al., 2002) . Evidence to implicate the woodrat as the reservoir includes high prevalence of A. phagocytophilum genetic material detected by polymerase chain reaction (PCR) and high antibody prevalence in enzootic areas, frequent infestation with the tick vector Ixodes pacificus, and results of experimental infection studies that show woodrat infection persisting for 1-8 mo (Richter et al., 1996; Foley, 2002; Drazenovich et al., 2006) . However, A. phagocytophilum sequences identified in six woodrats from Hoopa Valley Indian Reservation in northern California, USA, were genetically different from other strains found in humans, California horses, or other nonrodent vertebrates, based on DNA sequencing in the msp2 gene expression site (Barbet et al., 2006) . Unlike in the eastern USA, where a single vector species and a dominant reservoir host species maintain a sylvatic cycle (Telford et al., 1996) , in the western USA, there are multiple hosts that maintain A. phagocytophilum in the wild, including gray squirrels (Sciurus griseus) and chipmunks (Tamias spp.), and potentially more than a single vector species that transmits and maintains A. phagocytophilum (Zeidner et al., 2000; Barbet et al., 2006; Nieto and Foley, 2008a, b) . Because new reservoirs for GA have recently been identified (Nieto and Foley 2008a, b) and woodrat strains appear genetically divergent from nonrodent strains, this study was undertaken to 1) help clarify the role of the dusky-footed woodrat in maintaining strains of A. phagocytophilum that could infect humans and horses, and 2) determine whether woodrat-origin A. phagocytophilum is infectious to experimental animal models of clinical GA.
MATERIALS AND METHODS

Anaplasma phagocytophilum strains
We used four strains of A. phagocytophilum for experimental infections. Anaplasma phagocytophilum strains used as inoculum included whole blood originating from different infected hosts that were PCR-positive. Anaplasma phagocytophilum-MRK, originally from a horse in northern California, is genetically indistinguishable from human isolates and induces disease in horse models that also is indistinguishable from disease caused by human-origin A. phagocytophilum (Madigan, 1993) . The inoculum was obtained by a single passage in a horse, followed by harvest of infected leukocytes (by removing the buffy coat layer of whole blood after centrifugation, stabilizing with 40% glycerol, and maintaining in liquid nitrogen).
Anaplasma phagocytophilum-VMTH dog originated from a canine patient at the University of California Davis, Veterinary Medicine Teaching Hospital that presented with high fever, lethargy, thrombocytopenia, and A. phagocytophilum inclusions in approximately 100% of neutrophils (courtesy Jane Sykes, UCD). Blood was collected in EDTA and kept cool for ,24 hr; the inoculum consisted of whole blood from this dog.
Two additional strains were obtained from naturally infected woodrats from areas GA commonly occurs. The first site was the Hoopa Valley Indian Reservation (HVIR, Humboldt County, California, USA, 41u089340N, 128u 429310W), an area that has been monitored for more than 10 yr with extraordinarily high prevalence of active infection in wild-caught woodrats (50-100% PCR-positive; Drazenovich et al., 2006) . The strain derived from pooled blood of three PCR-positive woodrats from HVIR was designated A. phagocytophilum-HVIR-WR. Pooled inocula were used in order to have a consistent volume of blood for each experimental infection of mice, woodrats, and a horse. A second inoculum from a single strongly PCR-positive woodrat (strain designated A. phagocytophilum-HC-WR) was also used to infect a horse. The blood was obtained from a woodrat trapped in Santa Cruz County, California, USA (Henry Cowell State Park, HC, 37u029190N, 122u039080W) where the PCR prevalence is 50% in woodrats (Foley et al., unpubl. data) . In all cases, inoculum was used in order to be consistent by location and species of origin because of the difficulty in obtaining cell culture isolates.
Additionally, a PCR-positive redwood chipmunk (Tamias ochrogenys) was captured from Hendy Woods State Park (Mendocino County, California, USA, 39u049330N, 123u289140W), and this blood (designated A. phagocytophilum-chipmunk) was used as an infectious inoculum in a horse. We used chipmunkorigin A. phagocytophilum inoculum in a horse as a positive control because we previously identified the ability of chipmunks to be reservoir-competent for A. phagocytophilum-MRK (Nieto and Foley, 2008b) .
In all cases for wildlife, after capture, each nongravid animal was overdosed with ketamine:xylazine, sterilely prepped for cardiac puncture and exsanguination, and euthanized with a sedative overdose. Blood was harvested in EDTA tubes, kept cool, and transported the same day to UCD. Samples were screened by real-time PCR following extraction with a kit (Qiagen, Valencia, California, USA), as well as serology as described (Dumler et al., 1995) , but using an FITC-anti-rat heavy and light chain IgG (Kirkegaard and Perry Laboratories, Gaithersburg, Maryland, USA) as a secondary antibody. PCR test results were considered positive if the cycle threshold (C T ) was ,40 and there was a characteristic logarithmic amplification plot and run with three positive and three negative controls. PCR-positive whole blood sample pools were divided into rodent and horse inocula. Wildlife-origin inocula were verified infectious because each produced patent infection in either a woodrat or a horse (A. phagocytophilum-chipmunk).
Experimental animals and procedures
For experimental infection, nine duskyfooted woodrats (four males and five females) were caught from an area in Yolo County, California, USA (38u309200N, 122u059590W), where woodrats repeatedly were found both uninfected and unexposed to A. phagocytophilum (Foley et al., unpubl. data) . Sherman live traps were placed adjacent to dusky-footed woodrat middens in the evening and checked the following morning. Woodrats were anesthetized and bled in the field and transported to the laboratory UCD, School of Veterinary Medicine, where additional samples were taken weekly for 2 wk. Animals were initially housed over water in metal cages for 10 days to collect replete ticks and for acclimatization to the facility. Ticks were identified to species and placed in 70% ethanol. DNA was extracted, and real-time PCR conducted on all blood and ticks as described . All blood was screened using indirect immunofluorescence antibody testing (IFA) for exposure to A. phagocytophilum as described previously (Dumler et al., 1995) except that we used an anti-rat secondary antibody. All animals were PCR-and antibody-negative at capture and remained negative for 2 wk. All ticks were negative for A. phagocytophilum DNA.
Woodrats were inoculated intraperitoneally (IP) in the following treatment groups: three were infected with 0.2 ml of pooled A. phagocytophilum-HVIR-WR (original C T of donor animals533.48, 37.53, 35.80); three were infected with 0.2 ml A. phagocytophilum-VMTH dog (C T 518.7), and three received 0.2 ml horse leukocytes containing A. phagocytophilum-MRK (C T 522.08). Rodents were checked daily for health status and body condition and bled and weighed weekly (a total of 11 wk). All rodents were bled via abrasion of the retro-orbital sinus using a capillary tube following anesthesia with ketamine (20-40 mg/ kg) and xylazine (4 mg/kg). Woodrats were euthanized after they had been negative by PCR for 1 mo or if they appeared depressed (not responding to external stimuli) for more than 2 days or lost more than 10% of body weight. After euthanasia, the spleens were harvested for PCR. Statistical differences in the mean C T among treatment groups and the first day of a positive PCR result were evaluated using analysis of variance (ANOVA), with p,0.05 considered statistically significant.
Nine C3H/HeJ mice were purchased (Charles River, Wilmington, Massachusetts, USA) and housed individually. Mice were divided into three treatment groups, with three mice per group. Mice received aliquots of the same A. phagocytophilum-MRK, A. phagocytophilum-HVIR-WR, and A. phagocytophilum-VMTH dog as the woodrats (0.2 ml/mouse delivered IP). Mice were checked daily for health status and body condition and bled as for woodrats after 6 days and then every 3 days for a total of 21 days, at which time they were euthanized. The spleen was harvested for PCR following euthanasia.
Three adult PCR-and antibody-negative horses were selected and housed individually in outdoor facilities. Horses were premedicated with 500 mg of flunixin meglumine IV and 0.5 mg/kg diphenhydramine IM and then inoculated with 6 ml of A. phagocytophiluminfected woodrat whole blood. Two horses were inoculated with A. phagocytophilum-HVIR-WR and one with A. phagocytophilum-HC-WR. Each horse was monitored daily for 16 days, including blood withdrawal from the jugular vein for blood smear, serology and PCR, and assessment of behavior and attitude, rectal temperature, respiratory rate, mucosal surfaces for petechiae, and legs for edema, swelling, or pain. After 60 days, each horse was verified not to have been infected with woodrat blood on the basis of negative PCR and serology. Subsequently, each horse was reinoculated with 1.5 ml of A. phagocytophilum-MRK infected horse leukocytes (C T 522.08) or A. phagocytophilum-chipmunk to confirm that the horse was susceptible to infection.
RESULTS
All nine dusky-footed woodrats captured from western Yolo County showed no evidence of current infection or exposure to A. phagocytophilum upon arrival to the UCD facilities. Fifteen Ixodes ochotonae nymphal ticks were collected on five of these woodrats but were not tested for A. phagocytophilum infection. After inoculation with A. phagocytophilum-MRK, -VMTH dog, and -HVIR-WR, all woodrats became patently rickettsemic, although the duration and initiation date varied by infectious inoculum origin (Table 1) .
The first day of detectable infection in woodrats infected with A. phagocytophilum-MRK varied between 28 and 48 days postinfection (PI) (mean C T 539.0, SE50). One individual remained PCRpositive for 2 wk. The onset of seroconversion varied from 14 to 48 days PI, and one individual had a PCR-positive spleen at necropsy. All three woodrats infected with the A. phagocytophilum-VMTH dog also became PCR-positive at a relatively earlier time point (11, 25, and 48 days, respectively, mean C T 539.0, SE50). Two individuals in this group died after being PCR-positive for 1 wk. Both woodrats were lethargic and dehydrated, and no woodrats infected with A. phagocytophilum-VMTH dog had PCR-positive spleens at time of death.
The first day of PCR-positive test results varied between 3 and 21 days PI for woodrats infected with A. phagocytophilum-HVIR-WR (mean C T 531.70, SE52.87). One individual was PCR-positive for 3 wk at a low C T value (39, 36.05, and 26.14). The other two individuals were PCR-positive for 2 wk, the first being PCR-positive after 6 days, then negative 3 wk, positive the fourth week, and then negative the remainder of the study (2 wk) until euthanasia. The other positive individual was PCR-positive for 2 wk and then became PCR-negative. All three woodrats infected with A. phagocytophilum-HVIR-WR had PCR-negative spleens following euthanasia. There was no statistically significant difference among strains tested between the day of onset of a PCR-positive result postinoculation (P50.27), although woodrats infected with woodrat-origin strain had significantly lower mean C T values than the other two treatment groups overall (P50.03).
After C3H/HeJ (n59) mice were infected with A. phagocytophilum-MRK, -VMTH dog, or -HVIR-WR, all animals seroconverted, but not all became PCRpositive (Table 1) . Additionally, all mice infected with A. phagocytophilum-MRK and with A. phagocytophilum-HVIR-WR had PCR-positive spleens at necropsy. Two mice that received A. phagocytophilum-VMTH died prior to the end of the experiment and were PCR-negative throughout the experiment, although all three were antibody-positive by IFA.
We screened 18 horses at the Center for Equine Health at the University of California Davis using PCR and IFA prior to experimental infection and chose nonin- Horses were PCR-positive between 7 and 13 days PI, corresponding to the time morulae were seen in blood smears. All horses were treated with oxytetracycline following a positive PCR result, blood smear, and clinical assessment and returned to the Center for Equine Health.
DISCUSSION
This study indicates that woodrats are fully susceptible to strains of A. phagocytophilum that cause clinical disease in horses and dogs, yet strains isolated from woodrats are not infectious to horses. Thus our data suggest that strains of A. phagocytophilum possess distinct host tropisms, which will affect sylvatic maintenance and risk to humans, domestic animals, and susceptible wildlife hosts. There is some genetic evidence to support these findings that there may be several ecologically distinct strains in natural infections from California (Barbet et al., 2006) . Extensive analysis of the hypervariable region of the msp2 gene from humans, wildlife, and domestic animals revealed considerable genetic diversity with some conserved patterns. The presence of conserved nucleotide blocks that occurred only in woodrats but not a black bear (Ursus americanus) from the same site (HVIR) or human cases nearby suggests there may be a strain difference (Barbet et al., 2006) . Because woodrat strains were dissimilar from other disease-causing strains, a specific PCR assay had to be designed in order to amplify all of these strains .
Woodrat strains tested to date do not infect horses, which are excellent models for A. phagocytophilum pathogenesis (Madigan, 1993; Lepedi et al., 2000) . Inoculum from three PCR-positive woodrats failed to induce clinical disease, rickettsemia, or seroconversion in horses. There was no measurable infection even though all horses were susceptible to infection, as demonstrated by the fact that subsequent inoculation with chipmunk-or equineorigin strains of comparable C T value produced infection and clinical disease. Infection may have succeeded using tick transmission; however, this technique was not used in our study. Ticks contain a milieu of bioactive molecules that may enhance transmission to the vertebrate host (Sukumaran et al., 2006) . However, horses have been shown to be highly susceptible to A. phagocytophilum strains via inoculation with needle and syringe and follow a characteristic course of infection with onset of clinical signs with morulae or Anaplasma-DNA from 5 to 14 days PI (Gribble, 1969; Madigan, 1993; Reubel et al., 1998) . Additionally, the woodrat-source inocula were demonstrated to be infectious in woodrats.
Woodrats are susceptible to strains originating from other species; A. phagocytophilum-MRK originating from an infected horse, A. phagocytophilum-VMTH originating from an infected dog, and A. phagocytophilum-HVIR-WR from an infected dusky-footed woodrat all induced infection and seroconversion in woodrats, although no disease occurred. Anaplasma phagocytophilum-MRK is genetically and phenotypically indistinguishable from local human-origin strains (Morissette et al., 2009) . When inoculated into woodrats, A. phagocytophilum-MRK and A. phagocytophilum-VMTH dog induced rickettsemia with a comparable date of onset compared to the woodrat strain but had a lower level of rickettsemia. Woodrats in nature may be involved in ecologic cycles of several A. phagocytophilum strains including those adapted only to woodrats as well as those that can infect dogs, horses, and potentially humans.
Published data regarding GA in duskyfooted woodrats consists of several surveys (using serology or PCR), experimental challenge of woodrats in the laboratory, and the documentation of persistently infected woodrats in the wild Foley et al., 2008a) . Woodrats are commonly infected with A. phagocytophilum in nature throughout California, and at HVIR exposure rates as high as 90% were documented (Castro et al., 2001; Drazenovich et al., 2006; Foley et al., 2002 Foley et al., , 2008a . In a recent field study evaluating 2,121 small mammals (27 species) for exposure to and infection with A. phagocytophilum, we found an overall antibody prevalence of 15.2%, with highest prevalence values in dusky-footed woodrats, tree squirrels (Sciurus spp.), and chipmunks (Tamias spp.; Foley et al., 2008b) .
Woodrats have infections in nature and the laboratory that persist for a longer time than other infected hosts. A woodrat from Sonoma County, California, USA, was PCR-positive for $8 mo (Castro et al., 2001) . In an experimental challenge, persistent infection (1-8 mo) was documented in 15 woodrats trapped from the northern Coast Range, California, USA, and held in captivity (Foley et al., 2002) . Four woodrats were experimentally inoculated with A. phagocytophilum-MRK and four with fresh pooled PCR-positive woodrat blood from Sonoma County. Following inoculation, 3 of 4 woodrats that received woodrat inoculum became PCR-positive on days 34, 45, and 47 PI, and the duration of PCR-positivity was 60-90 days. The duration of infection in the previous study was somewhat longer than for woodrats in the present study, perhaps because a different woodratorigin strain was used (Foley et al., 2002) . However, ample precedent exists that woodrats are important hosts of A. phagocytophilum (Nicholson et al., 1999; Foley et al., 2002) .
Anaplasma phagocytophilum is ticktransmitted and the established vector in the western USA is I. pacificus (Richter et al., 1996) . Reservoir competence could not be established in an earlier study for duskyfooted woodrats using attempted tick transmission with I. pacificus (Foley et al., 2002) . Workers in Colorado, USA, with the Mexican woodrat, Neotoma mexicana, identified an enzootic cycle of A. phagocytophilum transmission among woodrats via the nidicolous tick, Ixodes spinipalpis (Zeidner et al., 2000) . It may be that enzootic cycles of woodrats, nidicolous ticks, and woodrat-adapted A. phagocytophilum strains exist; such cycles could intersect maintenance cycles of human and horse disease-causing strains. In Europe, specialized sylvatic A. phagocytophilum genotypes cycle between small rodents and Ixodes trianguliceps, a rodent specialist tick, independent of the main European vector Ixodes ricinus (Bown et al., 2009 ).
To date we do not have clear evidence that woodrats carry strains that can infect humans or horses, although we cannot rule out that possibility. We have only minimal information about the ecology of woodrat strains in nature, including whether I. pacificus, I. spinipalpis, or some other tick maintains the infection sylvatically. It is not clear to what extent woodrats and woodrat strains have a similar ecology with other A. phagocytophilum reservoirs, including chipmunks and squirrels. Thus, further studies of the ecology of A. phagocytophilum in the western USA could help clarify the role of woodrats and woodrat strains in nature and how their presence may modulate risk of infection in humans and domestic animals.
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